forces dominate, with plus end-directed pushing forces than that shared between XCENP-E and its nearest phylogenetic neighbors (Moore and Endow, 1996) . Outside playing at most a minor role in driving kinetochoremediated chromosome movement. The outstanding is-XCENP-E's amino-terminal domain lie three additional regions of greater than 25% identity with hCENP-E, but sue, however, has been the identity of the molecules at the kinetochore that generate the force for initial chronot with other kinesin-like proteins ( Figure 1A ). On the basis of these regions of identity and its comparably mosome movement and maintenance at the mitotic midzone.
large predicted size, we conclude that XCENP-E is the Xenopus homolog of human CENP-E. A prominent candidate for powering one or more aspects of chromosome movement in mitosis is centromere-associated protein-E (CENP-E), a member of the
XCENP-E Associates with Xenopus Centromeres kinesin superfamily of microtubule motor proteins that
In Vivo and In Vitro is an integral component of kinetochore corona fibers
To verify that Xenopus CENP-E exhibits a pattern of that link centromeres to spindle microtubules (Yen et al., cell cycle-dependent kinetochore association similar to 1992; Yao et al., 1997) . CENP-E localizes to kinetochores human CENP-E, polyclonal antibodies were raised against throughout all phases of mitotic chromosome movetwo recombinant antigens, one spanning the tail and ment (early prometaphase through anaphase A) (Yen et C-terminal portion of the rod (␣-XCENP-E TAIL , Figure 1B ) al., 1992; Lombillo et al., 1995a; Brown et al., 1996) . and the other corresponding to a portion of the N termiPrevious efforts have suggested a role for CENP-E in nus of the rod domain (␣-XCENP-E ROD ; Figure 1B ). Immumitosis and meiosis. Microinjection of a monoclonal annoblotting of Xenopus egg extract reveals that the tibody directed against CENP-E into cultured human ␣-XCENP-E TAIL antibody specifically recognizes XCENP-E cells delays anaphase onset (Yen et al., 1991) . Antias a single band of greater than 300 kDa ( Figure 2B ).
CENP-E antibody injection into maturing mouse oocytes
The ␣-XCENP-E ROD antibody specifically recognizes induces arrest at the first reductional division of meiosis XCENP-E (arrowhead, Figure 2B ) and another protein (Duesbery et al., 1997) . Antibodies against CENP-E of slightly lower molecular weight (indicated by dot in block microtubule depolymerization-dependent minus Figure 2B ) that may be a distinct isoform of XCENP-E end-directed movement of purified chromosomes in lacking the tail domain or XCENP-E that has lost its tail vitro (Lombillo et al., 1995a) . Recently, CENP-E was redomain due to partial proteolysis. Immunostaining of ported to be associated with minus end-directed microcultured Xenopus XTC cells using ␣-XCENP-E TAIL antitubule motor activity (Thrower et al., 1995) , raising the body ( Figure 2C ) revealed patterns of cell cycle-depenpossibility that CENP-E might be responsible for poledent localization similar to that observed for mammalian ward kinetochore movements in prometaphase and CENP-E (Yen et al., 1992; Brown et al., 1996) with two anaphase A.
exceptions: (1) during interphase XCENP-E was localWe report here that quantitative removal of Xenopus ized to the nucleus ( Figure 2C , panels 1 and 2), consis-CENP-E from Xenopus egg extracts, normally capable tent with the presence of a nuclear localization signal of assembling metaphase mitotic spindles in vitro, dis- (Boulikas, 1993) at the C-terminal end of the rod domain rupts metaphase chromosome alignment. We also dem- (Figures 1A and 1C) , and (2) a proportion of XCENP-E onstrate that the kinesin-like motor domain of Xenopus could occasionally be found localized to mitotic spindle CENP-E powers movement toward microtubule plus poles (e.g., Figure 2C , panels 5 and 6). ␣-XCENP-E TAIL ends. Together these findings suggest that CENP-E immunostaining of metaphase spindles assembled in functions in vivo at the trailing kinetochore to link antivitro using cytostatic factor (CSF)-arrested Xenopus egg poleward movement to microtubule growth and at the extracts cycled through interphase (Murray, 1991; Sawin leading kinetochore to couple microtubule disassembly and revealed that XCENP-E was almost dynamics to minus end-directed movement.
exclusively associated with kinetochores ( Figure 2A , panel 2). Unlike in cultured cells, XCENP-E was infrequently found localized to poles of spindles assembled Results in vitro.
Identification of Xenopus CENP-E
To investigate the role of CENP-E in mitotic spindle XCENP-E Is Required for Metaphase Chromosome Alignment formation in vitro using extracts of Xenopus eggs, we used low stringency hybridization followed by library
To determine the aspect(s) of mitosis for which XCENP-E is required, ␣-XCENP-E TAIL antibody was used rescreening to clone the Xenopus homolog of CENP-E. The full-length sequence encodes a protein of 2954 to deplete XCENP-E from Xenopus egg extracts naturally arrested in metaphase (CSF-extract). Immunoblotamino acids with a predicted molecular mass of 340 kDa ( Figures 1A and 1C) . The predicted structure of ting of control and XCENP-E-depleted CSF-extracts revealed that of XCENP-E could be quantitatively removed Xenopus CENP-E (XCENP-E) is very similar to human CENP-E (hCENP-E), consisting of an amino-terminal reby immunodepletion with this antibody ( Figure 3A , lane 2). Unrelated antigens, such as XNuMA (Merdes et al., gion containing a kinesin-like microtubule motor domain, linked to a globular tail domain by a region pre-1996) , were unaffected by depletion of XCENP-E ( Figure  3A , lower panel). The specificity of depletion was further dicted to form a long, discontinuous ␣-helical coiled coil (Lupas et al., 1991; Berger et al., 1995) (Figure 1A ). Within confirmed by comparison of the proteins recovered in the ␣-XCENP-E TAIL precipitate ( Figure 3D , lane 2) with the core of the motor domain (residues 1-324), XCENP-E and hCENP-E share 74% identity, significantly greater those present in the control IgG precipitate ( Figure 3D , Hatched regions represent regions predicted to form ␣-helical coiled coils (Lupas et al., 1991) . Within the N-terminal regions of both hCENP-E and XCENP-E, there is a domain of ‫423ف‬ amino acids corresponding to the kinesin-like motor domain. Within these 324 amino acids, XCENP-E and hCENP-E are 74% identical. Overall XCENP-E and human CENP-E are 37% identical and, with conservative substitutions, 57% similar. Unshaded regions within the rod are those regions sharing 47% identity with human CENP-E. One cDNA clone encoded a protein with a 9 amino acid insertion relative to other cDNAs isolated (marked by the arrowhead, see Figure 1C ). XCENP-E contains a putative nuclear localization signal (NLS) located at the C-terminal end of the rod domain not present in hCENP-E. (B) XCENP-E fusion proteins used for polyclonal antibody production.
(C) Deduced amino acid sequence of Xenopus CENP-E. cDNA sequence was compiled from 6 overlapping cDNA clones. Residues identical in hCENP-E and XCENP-E are shaded. The boxed region is the portion of XCENP-E used to assay motility in vitro (see Figure 6 ). The underlined sequence NSREHSINA at position 599 is the 9 amino acid relative insertion encoded by one of the cDNAs isolated (see Figure 1A) . The putative NLS, RKKTK, is also underlined. Nucleotide sequence is available from EMBL/GenBank (see end of this article).
lane 1). XCENP-E was specifically recovered in precipidistribution of the aberrant structures between the tates prepared both with ␣-XCENP-E TAIL antibody and monopolar and bipolar/misaligned classes was variable. with ␣-XCENP-EROD antibody ( Figure 3D , arrowhead, lanes 3 and 2, respectively).
Addition of ␣-XCENP-E Antibody Disrupts To examine the effects of immunodepletion on spinMetaphase Chromosome Alignment dle assembly and chromosome movement, demembraAs a further test of the requirement for CENP-E in medinated Xenopus sperm nuclei were added to undepleted, ating chromosome congression we perturbed XCENP-E mock depleted, and XCENP-E-depleted CSF-extracts. function in situ by addition of the monospecific ␣-XCENPExtracts were cycled through interphase and into the E TAIL antibody to CSF-arrested Xenopus egg extracts. subsequent M phase, whereupon an additional aliquot These extracts were cycled through interphase and arof the appropriate uncycled, metaphase-arrested exrested at the subsequent M phase. As observed upon tract was added to reimpose a metaphase arrest, thus immunodepletion of XCENP-E, addition of ␣-XCENPallowing the accumulation of M-phase structures. While E TAIL antibody resulted in almost total elimination of bipomock depleted and undepleted extracts yielded prelar spindles with properly aligned chromosomes (Figure dominantly bipolar spindles with chromosomes aligned 4A; Figure 4B , left panel). This defect was apparent as at the metaphase plate ( Figure 3B , panel 1; Figure 3C ), early as metaphase spindles became visible in control depletion of XCENP-E produced a 5-fold increase in the extracts. Loss of bipolar structures with metaphase number of bipolar spindles with misaligned chromoaligned chromosomes was accompanied by an increase somes ( Figure 3B , panels 4 and 5; Figure 3C ), as well in the percentage of bipolar spindles with misaligned as a smaller increase in the percentage of monopolar chromosomes ( Figure 4A , panels 4-6; Figure 4B , left structures, including radial asters, half-spindles, and panel) indicating a role for XCENP-E in congression or chromosomes associated with microtubules with indemaintenance of chromosome alignment, or both. We terminate organization ( Figure 3B , panels 2 and 3; Figure  also observed a smaller increase in the proportion of 3C). Extended incubation failed to alter the proportion monopolar structures ( Figure 4A , panels 4-6, Figure 4B , of bipolar spindles with properly aligned chromosomes. left panel). Similar results were obtained in seven experiRemoval of 85% or more of XCENP-E was sufficient ments, and also using ␣-XCENP-E ROD antibody, though to perturb metaphase chromosome alignment. Three the distribution of aberrant structures between the independent depletion experiments revealed in every monopolar and bipolar misaligned classes was variable, case a decrease in the percentage of metaphase spinwith monopoles sometimes predominating. dles accompanied by an increased percentage of bipolar/misaligned and monopolar structures, although the To examine the possibility that ␣-XCENP-E antibody of beads, followed by tethering of the distal microtubule minus ends by a complex of cytoplasmic dynein and NuMA (Heald et al., 1996 (Heald et al., , 1997 Merdes et al., 1996) . While ␣-XCENP-E TAIL antibody addition induced chromosome misalignment in spindles assembled around sperm nuclei ( Figure 4B , left panel), this antibody did not perturb assembly of chromatin-bead spindles (Figure 4B , right panel; Figure 4C ). Thus, the disruption of spindle bipolarity and chromosome alignment observed upon addition of ␣-XCENP-E antibody is not due to a defect in spindle assembly unrelated to XCENP-E function at kinetochores.
Chromosome Misalignment Is Caused by Failure of Congression or Its Maintenance
Since spindle formation in these extracts may initially occur at least in part though an "inside out" pathway with centrally aligned chromosomes, the misaligned chromosomes seen on bipolar spindles after XCENP-E depletion or XCENP-E antibody addition could reflect either a requirement for XCENP-E in maintenance of chromosome congression or premature entry into an aberrant anaphase. Consistent with the latter possibility, monopoles arising following antibody addition or XCENP-E depletion could be produced by degeneration of bipolar structures induced by disruption of sister chromatid cohesion. To test whether misaligned chromosomes arising from reduction of XCENP-E remained in duplicated chromosome pairs, we examined the kinetochore localization of residual XCENP-E on chromosomes arrayed on bipolar spindles incompletely depleted of XCENP-E ( Figure 5 ). Images aquired at exposures yielding saturating XCENP-E fluorescence in undepleted samples (e.g., Figure 2A ) revealed no XCENP-E signal on spindles assembled in extract 85%-90% depleted of XCENP-E ( Figure 5A ). However, overexposure revealed low amounts of residual XCENP-E localized to paired centromeres characteristic of nondisjoined sister chromatids ( Figure 5B , arrowheads). While we cannot mosomes places CENP-E in a position to mediate attachment of chromosomes to microtubules, movement disruption of chromosome alignment and spindle bipoof chromosomes during congression, and movement of larity could be due to an antibody-induced aberrant acchromosomes toward the spindle poles during anation of XCENP-E unrelated to its action at kinetochores, phase A. In addition, localization of XCENP-E and human we examined the effect of ␣-XCENP-E TAIL antibody addi-CENP-E to the spindle midzone during anaphase B (Yen tion on bipolar spindle formation around chromatin et al., 1992) indicates that if CENP-E were a plus endbound to magnetic beads. When incubated in mitotic directed motor it might slide anti-parallel interzonal miXenopus egg extract, these chromatin beads promote crotubules during spindle elongation. To test directly the formation of bipolar spindles in the absence of both if XCENP-E is a microtubule motor and to determine kinetochores and centrosomes (Heald et al., 1996) . Unthe directionality of XCENP-E movement, a region der these conditions, spindle formation occurs by coalescence of microtubules around a central collection of XCENP-E containing the motor domain ( Figure 1C , in extract containing no antibody (n ϭ 125), extract containing 0.5 Xenopus egg extract depleted of XCENP-E using ␣-XCENP-ETAIL mg/ml nonimmune rabbit IgG (rIgG, n ϭ 172), and extract containing antibody (lane 2), mock depleted with nonimmune rabbit IgG (lane 0.5 mg/ml ␣-XCENP-ETAIL (n ϭ 101) scored 80 min after exit from 3), and unmanipulated extract (lane 1) was probed with ␣-XCENPinterphase. Data are presented from one representative experiment. E TAIL antibody (upper panel). To control for specificify of depletion Structures were scored as described in Figure 3C . Right panel: and loading of the gel, the blot was subsequently probed with Quantitation of microtubule-containing structures formed around ␣-XNuMA tail antibody (Merdes et al., 1996) (lower panel).
bead-bound chromatin in the presence and absence of 0.5 mg/ml (B) Representative structures formed in control extracts (panel 1), ␣-XCENP-E TAIL antibody. and in XCENP-E-depleted extract (panels 2-5). Tubulin is shown in (C) Representative spindles assembled around bead-bound plasmid red, chromatin in blue. Sperm nuclei were added, and extracts were DNA in the presence (panel 2) and absence (panel 1) of 0.5 mg/ml cycled through interphase and arrested at the following metaphase.
␣-XCENP-E TAIL antibody (Heald et al., 1996) . Arrowheads in panels 2 and 5 indicate apparently nondisjoined sister chromatids. Scalebar, 10 m. (C) Quantitation of structures formed in undepleted extract (n ϭ 123), extract mock depleted with nonimmune rabbit IgG (n ϭ 156) boxed region) was fused at the C terminus to a c-Myc and extract depleted of XCENP-E (n ϭ 98) scored 80 min after peptide epitope followed by a hexahistidine tag, ex- of microtubules polarity marked with brightly fluorescent rhodamine-labeled seeds near their minus ends was recorded by time-lapse digital fluorescence microscopy. Selected frames demonstrating three examples of plus end-directed movement are presented in Figure  6B . Microtubules moved at a velocity of 5.1 Ϯ 1.7 m/min (n ϭ 49) with brightly fluorescent seeds leading, indicating that the immobilized XCENP-E fusion protein was moving toward microtubule plus ends. When assayed in the absence of ␣-Myc antibody the XCENP-E fusion protein also supported microtubule gliding, albeit less robustly.
Discussion

Kinetochores and Mitotic Spindle Formation
Misalignment of chromosomes may result from a failure to reach the spindle equator, that is, failure to congress, or from failure to maintain an equatorial position once initial alignment is achieved. While congression has chromosomes, indicates a defect in the mechanics of congression. Recent models for spindle assembly in Xenopus egg monoclonal antibody (9E10; Evans and Bishop, 1985) extracts have highlighted their ability to assemble bipoconfirmed the 57 kDa band as the XCENP-E fusion prolar spindles in the absence of kinetochores and centrotein ( Figure 6A , lane 2). This protein was tethered to a glass coverslip using the ␣-Myc antibody, and gliding somes (Heald et al., 1996 (Heald et al., , 1997 ; Hyman and Karsenti, 1996). However, the presence of centrosomes dramatically alters the pattern of microtubule nucleation: centrosomes, not chromatin, become the predominant sites for microtubule nucleation (Heald et al., 1997) . These findings, and the data we present here, indicate that while Xenopus egg extracts are competent to assemble bipolar spindles in the absence of centrosomes and kinetochores, when present, both centrosomes and kinetochores play dominant roles in normal mitotic spindle assembly in vitro.
Roles for CENP-E in Chromosome Alignment
Like all other kinesin-related motor proteins with amino- to immunodeplete a minus end-directed motor activity from biochemical fractions enriched in CENP-E (Thrower et al., 1995) . While our findings demonstrate unambigudirected kinetochore forces play no role in congression, only that the trailing kinetochore is pushed only to the ously that the CENP-E motor moves toward microtubule plus ends in the presence of ATP, the intriguing possibilextent that its leading sister is pulled. During congression the trailing kinetochore is not towed passively ity arises that CENP-E might participate in a complex of microtubule motors with opposite directionalities.
along by the leading sister, but rather appears to actively follow (Skibbens et al., 1993 (Skibbens et al., , 1995 Waters et al., 1996) . Furthermore, the two motors in that complex, CENP-E and an as-yet-unidentified minus end-directed motor, As a kinetochore-associated plus end-directed motor, CENP-E could mediate this movement. In addition, might be regulated, perhaps by phosphorylation, so as to ensure unidirectionality of movement during specific CENP-E could act as a tether, coupling both leading and trailing kinetochores to the dynamic plus ends of phases of mitosis. Although XCENP-E is the major protein present in XCENP-E immunoprecipitates (Figure kinetochore microtubules. This is depicted in the model presented in Figure 7 . Precedent for such a proposal 3D), given the size of XCENP-E, we cannot rule out the possible presence of additional motor proteins, either is provided by the findings that the microtubule motor kinesin can mediate ATP-dependent motility of latex smaller than XCENP-E, or present in substoichiometric amounts relative to XCENP-E. An alternative possibility beads toward microtubule plus ends where the beads remain attached (Lombillo et al., 1995b) . Kinesin-medithat cannot yet be excluded is that the movement of CENP-E itself could be redirected toward microtubule ated attachment of beads to microtubule plus ends persists in the absence of ATP, even when conditions are minus ends by interaction with some regulatory factor or by posttranslational modification. While such an acaltered to induce microtubule plus end disassembly, thus resulting in displacement of the beads toward mitivity is without precedent, the structural features that determine the direction of movement of kinesin supercrotubule minus ends. These findings demonstrate both that a plus end-directed motor can be sufficient to medifamily members remain obscure (Kull et al., 1996; Sablin et al., 1996; Case et al., 1997; Henningsen and Schliwa, ate attachment to dynamic microtubule plus ends, and that a motor classified by conventional motility assays 1997).
What function might a plus end-directed motor peras plus end-directed can mediate minus end-directed movement by following shrinking microtubule plus ends. form at the kinetochore during congression? Pushing forces at the kinetochore apparently play at most a minor Direct support for a role for CENP-E in such a process is provided by the finding that antibodies recognizing a role in driving chromosome movement during congression (Khodjakov and Rieder, 1996; Waters et al.,
CENP-E inhibit microtubule-depolymerization driven, ATP-independent, minus end-directed movement of 1996). This does not mean, however, that plus end- and MCAK, have no effect (Lombillo et al., 1995a) .
were produced as hexahistidine fusion proteins using the pRSETB expression plasmid (Invitrogen). Following induction with IPTG inclusion bodies were purified and solubilized in 8 M urea, 0.1 M A Model for Chromosome Congression sodium phosphate (pH 8.0). XCENP-EROD fusion protein was further Kinetochores of congressing chromosomes oscillate purified over Ni-NTA agarose (Qiagen). XCENP-ETAIL protein was between poleward (P) and antipoleward (AP) motility isolated from preparative SDS-PAGE gels. These antigens were
states, exhibiting what has been called directional instaused to raise polyclonal antibodies in rabbits.
bility (Skibbens et al., 1993) . Switching of kinetochores Antibodies were affinity purified over antigen coupled to cyanogen bromide-activated Sepharose (Pharmacia), eluting with 0.2 M glybetween P and AP motility states is regulated in a mancine (pH 2.5), dialyzed into 10 mM K-HEPES (pH 7.8), 100 mM KCl, ner that appears to be influenced by tension (Skibbens et 1 mM MgCl2 and concentrated using Nanospin filter concentrators al., 1993 Cassimeris et al., 1994) and may involve Salmon , 1996) . Chromosome movement during congression could be driven by a tension-sensitive, leading
Spindle Assembly In Vitro kinetochore-induced destabilization of the attached mi-CSF-arrested extract was prepared from Xenopus eggs essentially crotubule plus ends, rather than by the regulated activity as described in (Murray, 1991; Sawin and Mitchison, 1991) . Rhodaof kinetochore-associated, minus end-directed micro- we have reported here, and could potentially cause dissquashed under a coverslip (Murray, 1991) . At 80 min following exit sociation of chromosomes from the mitotic spindle.
from metaphase, one half volume of the appropriate extract was added and the reaction incubated for an additional 80-120 min.
While we do not observe a dramatic reduction in the M-phase structures accumulating in extracts were scored in association of chromosomes with microtubules upon squashed samples taken after 160-200 min total elapsed time.
XCENP-E depletion or addition of anti-XCENP-E anti-
For antibody addition experiments, purified anti-XCENP-E antibodies (see Figures 3B and 4A ), the ability of chromatin body or nonimmune rabbit IgG at 10 mg/ml was added to extract to associate with microtubules in the apparent absence at a 1:20 dilution, followed by sperm nuclei and CaCl2. Eighty minutes of kinetochores in this system (Heald et al., 1996) later a half volume of CSF-arrested extract was added, containing a proportional amount of the appropriate antibody. Structures were might mask a substantial defect in kinetochore-microscored as describe above.
tubule association, resulting in chromosome misalignChromatin bead spindles were assembled as described by Heald ment rather than dissociation. Our findings offer compelet al. (1996) , using plasmid DNA and a kilobaseBINDER kit (Dynal).
ling evidence that CENP-E mediates chromosome
Microtubule-containing structures were scored following sedimenmovement during metaphase alignment, consistent with tation onto coverslips as described below.
CENP-E powering plus end-directed movement of trailing kinetochores and transducing forces generated by
Immunofluorescence Microscopy kinetochore microtubule plus end dynamics.
Extract containing mitotic spindles was diluted ‫-03ف‬fold in BRB80 (80 mM K-PIPES [pH 6.8], 6 mM MgCl 2, 1 mM EGTA) containing 0.5% Triton X-100 and 30% glycerol, and spindles sedimented onto Experimental Procedures a coverslip through a cushion of BRB80 containing 0.5% Triton X-100 and 40% glycerol at 7000 rpm in a Sorvall HS4 rotor. CovIsolation of XCENP-E cDNA and DNA Constructs Fragments spanning nucleotides 1-1707 and 6376-8080 of erslips were fixed in Ϫ20ЊC methanol, rehydrated in TBS-Tx (TBS, 0.1 % Triton X-100), blocked for 1 hr with 1% BSA in TBS-Tx, and hCENP-E cDNA (Yen et al., 1992) were used to screen a gt10 Xenopus cDNA library (Rebagliati et al., 1985) , hybridizing at 42ЊC probed with 5 g/ml affinity-purified antibody in 1% BSA in TBSTx. Primary antibody was visualized using by FITC-conjugated sec- (Church and Gilbert, 1984) . Multiple cDNA clones spanning the full length of XCENP-E were isolated and DNA sequence determined by ondary goat anti-rabbit antibody (Cappel). Chromatin was visualized by staining with DAPI. a combination of automated cycle sequencing (Applied Biosystems, Perkin Elmer) and manual sequencing using Sequenase version 2.0
Xenopus XTC cells cultured on coverslips in 60% L15 medium containing 5% FBS were rinsed in TBS, fixed, and stained with (USB). Overlapping sequence was compiled using MacVector software (Kodak Scientific Imaging Systems, Rochester, NY).
affinity-purified antibody as described above. (1985) . Isolation of monoclonal antiat 4ЊC to 0.5 ml of Ni-NTI-agarose resin (Qiagen). The resin was bodies specific for human c-myc proto-oncogene product. Mol. washed with 5 ml of lysis buffer containing 20 mM Imidazole, and Cell. Biol. 5, 3610-3616. XCENP-E fusion protein eluted in lysis buffer containing 100 mM Imidazole and 1 mM DTT. Freshly prepared protein was used to Heald, R., Tournebize, R., Blank, T., Sandaltzopoulos, R., Becker, P., assay motility.
Hyman, A., and Karsenti, E. (1996) . Self-organization of microtubules into bipolar spindles around artificial chromosomes in Xenopus egg extracts. Nature 382, 420-425.
Preparation of Polarity-Marked Microtubules and Motility Assay
Heald, R., Tournebize, R., Haberman, A., Karsenti, E., and Hyman, Fluorescent, taxol stabilized, polarity-marked microtubules were A. (1997) . Spindle assembly in Xenopus egg extracts: respective prepared essentially as described (Howard and Hyman, 1993) using roles of centrosomes and microtubule self-organization. J. Cell Biol. unlabeled bovine brain tubulin, rhodamine-labeled tubulin and 138, 615-628. N-ethyl maleimide modified tubulin (Hyman et al., 1992) . Flow chamHenningsen, U., and Schliwa, M. (1997) . Reversal in the direction of bers prepared from coverslips sealed with an Apiezon grease were movement of a molecular motor. Nature 389, 93-96. preadsorbed with a 1:10 dilution of anti-Myc monoclonal antibody Howard, J., and Hyman, A.A. (1993) . Preparation of marked microtu-9E10 ascities fluid (Evans and Bishop, 1985) , washed with PEM80 bules for the assay of the polarity of microtubule-based motors by (80 mM PIPES pH 6.9, 1 mM EGTA, 1 mM MgCl 2), incubated with fluorescence microscopy. In Motility Assays for Motor Proteins, J.M. 0.1 mg/ml XCENP-E motor protein, and unbound protein removed Scholey, ed. (San Diego, CA: Academic Press, Inc.), pp. 105-113. by rinsing with PEM80. Polarity-marked microtubules in PEM80 conHyman, A.A., and Karsenti, E. (1996) . Morphogenetic properties of taining 10 M taxol, 2 mM MgATP, and an oxygen scavenging sysmicrotubules and mitotic spindle assembly. Cell 84, 401-410. tem (0.1 mg/ml catalase, 0.03 mg/ml glucose oxidase, 10 mM glucose, 0.1% ␤-mercapoethanol [Kishino and Yanagida, 1989] 
